Biophysical Journal Volume 87 November 2004 3351-3371 3351

A Mathematical Treatment of Integrated Ca Dynamics within the
Ventricular Myocyte

Thomas R. Shannon,*t Fei Wang, José Puglisi,! Christopher Weber," and Donald M. Bers®

*Department of Molecular Biophysics and Physiology, Rush University, Chicago, lllinois; and fDepartment of Physiology,
Loyola University-Chicago, Maywood, lllinois

ABSTRACT We have developed a detailed mathematical model for Ca®* handling and ionic currents in the rabbit ventricular
myocyte. The objective was to develop a model that: 1), accurately reflects Ca-dependent Ca release; 2), uses realistic
parameters, particularly those that concern Ca transport from the cytosol; 3), comes to steady state; 4), simulates basic
excitation-contraction coupling phenomena; and 5), runs on a normal desktop computer. The model includes the following novel
features: 1), the addition of a subsarcolemmal compartment to the other two commonly formulated cytosolic compartments
(junctional and bulk) because ion channels in the membrane sense ion concentrations that differ from bulk; 2), the use of
realistic cytosolic Ca buffering parameters; 3), a reversible sarcoplasmic reticulum (SR) Ca pump; 4), a scheme for Na-Ca
exchange transport that is [Na]; dependent and allosterically regulated by [Ca];; and 5), a practical model of SR Ca release
including both inactivation/adaptation and SR Ca load dependence. The data describe normal electrical activity and Ca
handling characteristics of the cardiac myocyte and the SR Ca load dependence of these processes. The model includes
a realistic balance of Ca removal mechanisms (e.g., SR Ca pump versus Na-Ca exchange), and the phenomena of rest decay
and frequency-dependent inotropy. A particular emphasis is placed upon reproducing the nonlinear dependence of gain and
fractional SR Ca release upon SR Ca load. We conclude that this model is more robust than many previously existing models

and reproduces many experimental results using parameters based largely on experimental measurements in myocytes.

INTRODUCTION

!Cardiac myocyte excitation-contraction coupling (ECC) is
an intricate process involving the interaction of a wide
variety of systems, complexes, and proteins. Although it is
possible to study each of these components in isolation, it
becomes more and more difficult to obtain meaningful data
when attempting to study the interaction of a number of these
processes while they are working simultaneously. Mathe-
matical modeling can be used to overcome these difficulties
through the use of equations and parameters that accurately
mimic laboratory experiments. These formulas can then be
combined into a comprehensive whole to study their inter-
actions. Such models are, and will always be, limited by the
experimental data that are available and new data regarding
cardiac excitation and contraction are constantly coming to
light.

Where reliable experimental data exist, modeling data
should be as consistent as possible with it. Models will never
be as useful as laboratory data in terms of providing concrete
information about physiological processes. The complexity
of integrated physiological systems means a model will
virtually never be perfect. Indeed, it is in this imperfection
that we find perhaps a model’s greatest usefulness. Where a
model cannot be brought to describe experimental data, it
identifies areas where our quantitative understanding is in-
complete. The identification of these areas coupled with novel
mathematical formulation allows the integrated model to be
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used as a powerful experimental tool to guide investiga-
tion and analytical thought.

There are many recent examples of mathematically
modeled electrical and ionic homeostasis in the intact cardiac
myocyte (McAllister et al., 1975; Beeler and Reuter, 1977,
DiFrancesco and Noble, 1985; Priebe and Beuckelmann,
1998; Nordin, 1993; Pandit et al., 2003; Shiferaw et al., 2003;
Bondarenko et al., 2004). Among the most valuable of these is
the elegant model of Luo and Rudy (1994a,b), which does an
outstanding job of modeling the individual currents that
combine to produce a credible action potential (AP), and those
of the Winslow group (Jafri et al., 1998; Winslow et al., 1999)
that were a major step forward in modeling whole-cell Ca
homeostasis. Each of these models has its distinct advantages
and has proven useful in investigating a variety of different
conditions and diseases such as heart failure (Winslow et al.,
1999; Puglisi and Bers, 2001).

Since the introduction of many of these models in their
original form, new information regarding the processes
involved in ECC has become available. For instance, it is
now well established that sarcoplasmic reticulum (SR) Ca
content has a profound effect upon the process of Ca-induced
Ca release (Spencer and Berlin, 1995, 1997; Janczewski
et al., 1995; Bassani, J. W. M. et al., 1995; Donoso et al.,
1995; Herrmann-Frank and Lehmann-Horn, 1996; Lukya-
nenko et al., 1996, 2001, 1999; Dettbarn and Palade, 1997;
Satoh et al., 1997; Song et al., 1997; Eisner et al., 1998;
Hiiser et al., 1998; Kurebayashi and Ogawa, 1998; Shannon
et al., 2000a, 2002b; Terentyev et al., 2002). This release
results in an increase in Ca that appears to be higher just
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under the sarcolemmal membrane (SL) than in the bulk
cytosol and this higher [Ca] is detected by the Na-Ca ex-
changer and the Ca-dependent Cl channel, which are al-
losterically activated by it (Hilgemann et al., 1992; Matsuoka
et al., 1995; Trafford et al., 1995; Weber et al., 2001, 2002).

With the above advances in mind, we have developed
a new model of rabbit cardiac myocyte Ca and Na
homeostasis. Our goals were fivefold: i), to track ion influx
and efflux such that the model comes to steady state with
a realistic balance of Ca fluxes; ii), to incorporate a form of
Ca-induced Ca release (CICR); iii), to use realistic
parameters that are consistent with laboratory observations;
iv), to be able to simulate basic physiological phenomena
when all of the components are combined; and v), to in-
corporate reasonable compromises to allow the model to be
solved numerically on a desktop computer.

The model includes the following novel features: i), the
addition of a subsarcolemmal compartment along with the
junctional and bulk cytosolic compartments to allow proteins
in the membrane to sense ion concentrations that differ from
bulk; ii), the use of realistic cytosolic Ca buffering parameters;
iii), a reversible SR Ca pump as suggested by the results of
Shannon et al. (2000a); iv), a [Na];-dependent Na-Ca
exchanger that is physiologically regulated by Ca as proposed
by Hilgemann et al. (1992) (see also Weber et al., 2001); and
v), a model of SR Ca release (Fabiato, 1985) including both
inactivation/adaptation (Cheng et al., 1995; Stern et al., 1999)
and SR Ca load dependence (Shannon et al., 2000b). The
model data describe Ca handling characteristics of the cardiac
myocyte and the SR Ca load dependence of these processes is
accounted for. The model includes a realistic balance of
cellular Ca removal mechanisms (Bassani et al., 1994; Puglisi
etal., 1999) and the phenomena of rest decay and frequency-
dependent inotropy. A particular emphasis is placed upon
reproducing the nonlinear dependence of gain and fractional
SR Ca release upon SR Ca load (Shannon et al., 2000a). We
propose that this model is a robust representation that has
useful characteristics not existent in previous models of
excitation-contraction coupling (ECC).

MATERIALS AND METHODS
General approach

All programming was done on IBM PC desktop computers in the standard C
programming language. Differential equations were solved using the
CVODE package (http://www.netlib.org/ode/index.html). The described
system of differential equations will typically generate a Ca transient
(stimulation rate 1 Hz) in ~2 s on a Dell Precision 3500 workstation with
Pentium 4 computer chip with 2.4-GHz processing speed and with 512 MB
memory. The computation time was slowed by writing large numbers of
parameters to the output text file. All simulations were done running Linux
(Red Hat 9.0, Red Hat, Raleigh, NC).

The model is composed of a series of differential equations describing
changes in [Ca], [Na], and membrane voltage over time. The AP is generally
reconstructed from individual equations representing sarcolemmal mem-
brane channels (Fig. 1) as in Luo and Rudy (1994a,b) with variations in and
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additions to individual equations and parameters as indicated below (see also
Puglisi and Bers, 2001). Markovian channel models were generally avoided
unless they were determined to be necessary. Such models often add ad-
ditional differential equations to the model that must be solved, thus slow-
ing the computation time.

Cellular structure

The 33 pL cell is separated into four lumped compartments (Fig. 1 A): i), the
SR (3.5% of the cell volume; Page et al., 1971); ii), the junctional cleft
(0.077% assuming 11% of the cell membrane is junctional and that the cleft
is 15-nm deep; Page and Surdyk-Droske, 1979; Soeller and Cannell, 1997);
iii), the subsarcolemmal space (2% assuming 89% of the membrane is
nonjunctional SL and by making the space 45-nm deep); and iv), the bulk
cytosolic space (65% with the remainder of the volume accounted for by
mitochondria; Page et al., 1971). The accessible cleft volume is reduced by
an additional third to 0.051% due to the occupation of this space by protein
(Soeller and Cannell, 1997). Cellular dimensions and environmental
parameters are located in Table 2.

The junction was considered to be a disk of radius 160 nm and 15 nm in
depth. Diffusion is restricted in this space due to its narrow boundaries (i.e.,
by the SR membrane and the SL membrane) and by the large proteins within
the cleft (e.g., the RyR). The number of these when spaced evenly 1.2 um
apart from center to center over the entire cell membrane area of 15,000 Mmz
(4.58 pF/pL, 1 /.LF/sz; Satoh et al., 1996) is 20,000 (Fig. 1 B).

This spacing of junctions also gives a distance of diffusion to the middle
of the SL compartment of 500 nm. This is a narrow space just under the SL
membrane that is diffusionally restricted on the cytosolic side by such
structures as the mitochondria and the myofilament array. Similarly, an
average distance of diffusion of 0.45 wm from the SL to the middle of the
half sarcomere (i.e., the cytosolic compartment) was also calculated
assuming a sarcomere length of 1.8 wm. These diffusional distances dictate
the transfer functions for the fluxes between each compartment. This adjusts
the lumped nature of the compartments to an appropriate physical geometry.

Na buffers were located only in the junction and SL compartment and
were modeled as rapidly binding molecules with the standard Hill equation
(Eq. 14, Table 3; parameters were taken from Bers et al., 1986).

Ca buffers were distributed in each compartment as appropriate (Table 7).
SR Ca buffers (primarily calsequestrin) were modeled as rapidly binding
molecules. Parameters are from Shannon and Bers (1997) and Shannon et al.
(2000). Cytosolic Ca binding molecules were modeled in a time-dependent
manner (Eq. 76) Parameters are generally as in Shannon et al. (2000). Dyes
such as indo-1 and fluo-3 were not included in the simulations. However,
when these dyes were added at a concentration of 25 uM, they reduced the
peak Ca transient by ~20% and slowed the rate of steady-state Ca transient
decline with stimulation at 0.5 Hz by ~15% (data not shown).

Sarcolemmal ion transport

Changes in cell Na and Ca were modeled for rabbit at 37°C. Where
appropriate, the temperature-dependent parameters were changed as
described in the Appendix. The rate of change in total ion concentration
(d[Naly/dt, d[Calr/dt) was calculated from the total ion flux in (d[Nal;,/dt,
d[Cal;y/dt) and the total ion flux out (d[Na]ou/dt, d[Calow/dt) and integrated:

d[Nal, _ d[Nal],, d[Nd]

_ out 1
dt dt dt 0
d[Na] in
a Ina + Incx-Na + InaBk 2
t
d[Na,,
Nou _ g 3
ar NaK 3
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d|Ca
% = Incx T Isiewr, (6)

where Iy, is fast Na current (Eq. 37), Inapk is Na leak (Eq. 38), Inak is Na-K
pump current (Eq. 41), I, is L-type Ca current (Eq. 93), Icapxk is SL Ca leak
(Eq. 94), Incx is Na-Ca exchange current (Eq 96), and Is; c,p is SL Ca pump
transport (Eq. 97).

Inapk and Iy, were formulated as previously (Luo and Rudy, 1994a,b;
Puglisi and Bers, 2001) and were adjusted to give resting flux values similar
to those measured experimentally by Despa et al. (2002a,b).

Ca currents

Ca current was formulated as previously described (Luo and Rudy, 1994a,b;
Puglisi and Bers, 2001) with modifications. The formulations are based upon
the Goldman-Hodgkin-Katz equation. The permeabilities of the L-type Ca
channels for Na and K were decreased, consistent with the selectivity of the
channel for these ions in the presence of Ca in the perfusate (Hess et al., 1986;
Tsien et al., 1987). Currents were scaled to approximate those of Puglisi et al.
(1999). Ca-dependent inactivation was modified to be calmodulin dependent
(Eq. 77; Peterson et al., 1999; Qin et al., 1999). Kinetics of binding were set
with a K4 of 7 uM to give typical experimental values for the fast and slow
time constants of decline in /¢, due to inactivation during a normal Ca release
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(3 and 28 ms, respectively), when a depolarization from —40 to 0 mV was
simulated (Eq. 78). Ninety percent of the channels are located in the junctional
cleft membrane (Scriven et al., 2000). T-type Ca current was not included in
the model because this current, although present in some cardiomyocytes
(Bean, 1989; Nuss and Houser, 1993), is undetectable in normal rabbit
ventricular myocytes (Yuan et al., 1996).

The SL Ca leak flux was adjusted to match that calculated from Negretti
et al. (1993). The SL Ca pump was formulated using the standard Hill
equation and approximates cellular estimates of Bassani et al. (1994).

The Na-Ca exchanger was formulated essentially as described in Weber
etal. (2001). The scheme is a general improvement over other models in that it
is [Na]; dependent and allosterically regulated by Ca. As with all of
the channels and transporters with the exception of the L-type Ca channel, Na-
Ca exchange molecules were evenly distributed throughout the cell
membrane, 89% in the SL compartment and 11% in the junctional membrane.

Sarcoplasmic reticulum Ca transport

Ca transport out of the SR into the cytosol was calculated:

JSR = Jrel - qump (7)

where J is the SR Ca release flux (Eq. 106) and Junp is the SR Ca pump
flux (Eq. 98). The SR Ca pump is a reversible enzyme formulated as in
Shannon et al. (2000a). It is important to note that the net SR Ca pump rate
never reverses. The enzyme merely slows as product ([Ca]sgr) builds up. All
of the SR Ca pump molecules were localized to the cytosolic compartment
(Fig. 1).

The cytosolic Ca dependence of the SR Ca release channel (RyR) was
modeled in a steady-state manner as in Stern et al. (1999) (see Fig. 4 A, based
upon Fabiato, 1985 and Cheng et al., 1995). The model has four states:
resting or closed (R), open (O), inactivated (I), and resting inactivated (RI).
Models of this type are typically used by investigators working on single-
channel RyR gating (Scheifer et al., 1995; Zahradnikova and Zahradnik,
1996; Keizer and Levine, 1996; Villalba-Galea et al., 1998). Additional
states are often added to such models but this one with our modifications
(e.g., lumenal [Calsg dependence) works well.

During a typical Ca release cycle, the RyR exists predominantly in the
closed state. Upon depolarization and sudden Ca influx into the cleft, Ca
binds to the cytosolic activation site on the RyR resulting in a transition to
the open state. Ca also binds to the slower cytosolic inactivation sites
resulting in the transition from the open state to the inactivated state. As Ca
declines, there is a transition to the resting inactivated state and finally back
to the closed state.

SR Ca load dependence was added as a lumenal Ca binding site that
affects the state of the RyR. Ca binding to this site affects both the
inactivation and activation cytosolic Ca-dependent rate binding constants
(Egs. 99-101). Neither rate constant was allowed to exceed diffusional
limitations for Ca binding. When Ca is bound on the lumenal side and this
site is occupied, the affinity of the cytosolic activation site increases whereas
the affinity of the inactivation site decreases. Thus, there is a greater
tendency for the RyR to undergo transition to the open state. On the other
hand, when less Ca is bound to the lumenal site, there is a greater tendency
for the RyR to exist in the inactivated state.

All of the SR Ca release takes place in the junctional compartment. A
passive leak from the SR into the junctional compartment was also added to
give a total diastolic leak (passive and diastolic RyR leak) of ~4 uM/s
(Shannon et al., 2001).

Other currents

Most K currents were formulated as by Luo and Rudy (1994a,b) as modified
by Puglisi and Bers (2001) and Bassani et al. (2004). Two notable
exceptions are in the Ik, current and the Ca-dependent Cl current (I¢y). I
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was modeled to resemble the data of Tohse (1990). In accordance with this
article, currents were made Ca dependent and were scaled as appropriate for
the rabbit. CI currents were added to the model and scaled to approximate
those of Zygmunt and Gibbons (1991) and Puglisi et al. (1996) using a K4
for Ca of 100 uM (Collier et al., 1996)

RESULTS

During excitation-contraction coupling, Ca enters through
Ca channels in response to an action potential (Figs. 1 and 2).
The AP in our model is formulated by combining equations
that describe the characteristics of the voltage-dependent ion
channels in isolation into a coherent model. The equations
used for the Na and K currents are based upon those of Luo
and Rudy (1994a,b) with some modifications (Jafri et al.,
1998; Puglisi and Bers, 2001; Bassani et al., 2004).
Combined, the currents produce arelatively normal AP wave-
form with a duration of 235 ms.

The Ik, current has also been modified to be Ca dependent
(Eq. 57) (Tohse, 1990) and a Ca-dependent CI current was
added (Zygmunt and Gibbons, 1991). Selective blockade of
Ik, and or I, in the model produces the expected action
potential duration changes as measured in rabbit ventricular
myocytes (data not shown; Salata et al., 1996). The Ca
dependence of these currents highlights a major change in
the model that differentiates it from formulations previously
proposed. All of the Ca-dependent SL membrane processes
are now dependent upon the [Ca] within a separate
physiological compartment. The existence of this compart-
ment is inferred by data indicating that the [Ca] just un-
derneath the SL membrane peaks at a higher level than is
present in the bulk cytosol (Trafford et al., 1995; Weber et al.,
2001). By formulating the behavior of these proteins based
upon the [Ca] within the SL compartment, we have been
able to profile their contribution to the overall physiol-
ogy of the cell in a more realistic way consistent with their
biochemical characteristics.

In our model 90% of the Ca channels are located in the
junction based upon the data of Scriven et al. (2000, 2002)
who found that the vast majority of the channels colocalize
with the RyR. AP-dependent Ca currents tend to be of
variable shape (Fig. 2 B; Linz and Meyer, 1998; Puglisi et al.,
1999; Linz and Meyer, 2000). This variability is species
dependent and may be due to changes in the shape of the AP,
to the effects of temperature, and to the effects of released Ca
upon the current. Ca-dependent inactivation of the L-type Ca
channel is accounted for within the model and changes in the
released Ca also cause the expected changes in the shape of
the Ca current (Fig. 5 B; see below). The shape of the current
in the model with a normal release during 1-Hz pacing is
typical (Fig. 2 B; see also Fig. 5 B).

The rise in free junctional cleft [Ca] ([Calic) resulting
from L-type Ca current initiates CICR. Ca in the cleft peaks
very early at a high value before diffusing through the SL
compartment to the cytosol. The cytosolic Ca transient
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matches that normally observed in cardiac myocytes (Fig. 3
B). The time constant for [Ca]; transient decline (190 ms) is
similar to experimental data at 35-37°C (Puglisi et al., 1996).
The character of the submembrane SL Ca transient is similar
to that estimated by Weber et al. (2002) (Fig. 3 C), peaking at
a value well above the peak of the cytosolic Ca transient, and
falling as Ca diffusion into the bulk cytosol takes place,
eventually converging with the bulk [Ca]; transient.

The RyR was modeled essentially as in Stern et al. (1999)
with the significant addition of a dependence of RyR gating
upon [Ca]sr (Fig. 4 A). The SR Ca release flux rises rapidly
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FIGURE 2 (A) Diagram of the way in which the
L-type Ca channel operates. The model includes
Ca-dependent inactivation that is Ca-calmodulin (CaM)
dependent. Most of the channels (90%) are in the cleft
space (Scriven et al., 2002). (B) L-type Ca current
generated during the AP (right). The currents of Puglisi
et al. (1999) are shown for comparison (left).
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to a peak (Fig. 4 B) that matches that of Sipido and Wier
(1991) and Shannon et al. (2000b). This flux falls rapidly as
Ca diffuses from the junctional cleft and as the channel
transitions from the open state (Figs. 4, C and D) into the
inactivated state. Note also that because the binding to both
the cytosolic activation and inactivation is dependent upon
the SR Ca concentration, the fall in this concentration also
plays a role in facilitating this transition. Finally the RyR
shifts into the resting inactivated state and eventually back
to the resting state. Note well the rate of recovery from
inactivation back to the closed (R) state. The rate of this
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FIGURE 4 (A) Markovian state model of the
ryanodine receptor. The model was developed from
that of Stern et al. (1999) with the addition of SR Ca
load dependence to the binding of Ca to the activation
and inactivation cytosolic sites. (B) SR Ca release flux
with RyR-dependent SR Ca leak (inset). Total leak is
equal to this diastolic release plus the passive leak flux
(4 uM/s). (C) Profile of the four channel states over the
course of an AP. (D) Time-dependent profile of the
channel open state with changes in the k., for Ca
binding with [Calsg (inset).

transition is consistent with estimates for recovery of the
RyR based upon availability for Ca release in intact isolated
myocytes (7 = 650 ms; Bers, 2001; Cheng et al., 1996). This
recovery is related in part to the reuptake of Ca back into the
SR during diastole. The resulting higher [Ca]sg favors the
closed state of the channel.

The Ca dependence of release was tested by simulating
a standard experimental assay for ECC. The digital cell was
stimulated to steady state with 200-ms square pulses to 0 mV
and a test pulse was applied to varying voltages from —60 to

100 nM [Ca];est

+40 mV. The release of Ca from the SR was graded and
dependent upon the L-type Ca current (Fig. 5 A).
Importantly, released Ca also has a major effect upon the
L-type Ca current. As would be expected in an isolated
myocyte, this current exhibits Ca-dependent inactivation in
the model. This inactivation is known to be dependent upon
Ca binding to calmodulin (Peterson et al., 1999; Qin et al.,
1999). Fig. 5 B graphically shows the effect of this Ca
binding in the model. Ca current with normal release into the
cleft inactivates rapidly as would be expected. On the other

FIGURE 5 (A) CICR in response to graded L-type
Ca current. The change in the bulk Ca during the
transients and the integrated SR Ca release (top)
correspond to the peak L-type Ca currents (bottom) at
each voltage. (B) L-type Ca current in response to
a200-ms square pulse to 0 mV from a holding potential
of —80 mV. Currents show normal Ca-dependent
inactivation of current in the presence of release and
with Ca buffered to 100 nM when compared to
° “EGTA”’ currents with no Ca-dependent inactivation.
Ic, and integrated SR Ca release are normalized to their
peaks (0.410 uM and 57.4 umol/l cytosol, respec-
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hand, Ca current with no release and Ca current with [Cal;
clamped at 100 nM inactivates slower due to reduced Ca
binding to the channel/calmodulin complex.

Similarly, Ca release was tested as a function of [Ca]sgrrT.
Experiments by Shannon et al. (2000a) were simulated. After
depletion of SR Ca, the cell was depolarized to 0 mV for 200
ms per pulse in the absence of Na inside and outside of the
cell. The absence of Na prevented Na-Ca exchange from
operating, which causes the retention of nearly all Ca
brought in by the L-type Ca current within the cell. Most of
the Ca is retained within the SR resulting in a larger release
with each successive depolarization. The model simulates
the actual data indicating normal [Ca]sgr-dependent release
(Fig. 5, C and D).

The overall physiology of the release from the SR is also
in agreement with laboratory data. J. Bassani et al. (1993b,
1995) found that the fractional release from the SR during
the [Ca]; transient is 50%, which agrees well with the model
as do the [Calgp transients of Shannon et al. (2003a) (Fig. 6,
A and B). Fig. 6 A shows the effect of removing the lumenal
regulation from the SR Ca release process. The first beat
upon removal of the regulation has a larger fractional release
with a longer time to peak.

Ca diffuses from the junctional cleft to the SL compart-
ment and is transported by two sarcolemmal transporters.
The Na-Ca exchanger and the SL. Ca pump transport Ca from
the junctional cleft and the SL compartment to the
extracellular compartment. At steady state, the integrated
fluxes through these transporters is equal to the amount of Ca
that enters primarily through the L-type Ca channels (with
a small amount of Ca entry via Na-Ca exchange; see below).

The formulation of the Na-Ca exchanger is based upon
that used in Weber et al. (2001) and the modeled current
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during the AP is similar to the actual data (Fig. 7). In contrast
to previous formulations used in whole-cell simulations (Luo
and Rudy, 1994a; Jafri et al., 1998), the equation accounts
for the [Cals; -dependent activation of Na-Ca exchange that
takes place during the Ca transient. Note once again that this
activation depends upon [Ca]gy, i.e., the [Ca] just under the
SL membrane that is actually sensed by the exchange pro-
tein. The equation also accounts for the effects of intracel-
lular [Na] at the transport site, specifically Na just underneath
the SL membrane in the SL compartment, another im-
portant addition.

This Na-Ca exchanger indirectly competes with the SR Ca
pump for Ca. The SR Ca pump formulation used in this
model is that proposed by Shannon et al. (2000a) and the Ca
pump flux (Fig. 6 B) is very similar to the flux calculated
from the data there. The pump is modeled as a reversible
enzyme, mediating both ‘‘forward’’ and ‘‘reverse’’ unidi-
rectional fluxes. The net flux into the SR is the difference
between the two flues. In other words, the transporter can be
thought of as a reversible enzyme with [Ca]; as the substrate
and [Ca]sg as the product. The net transport rate from the
cytosol to the SR rises during the release as cytosolic [Ca]
(the substrate) rises and SR [Ca] (the product) falls. This
causes a tendency for the pump to operate in the forward
mode, transporting more Ca into the SR. As [Calsg rises and
[Cal; falls the rate of uptake falls as the unidirectional
reversal flux rises and the forward flux decreases. The
amount transported in one beat at steady state is equal to the
amount released.

The transport competition among Na-Ca exchange, the SR
Ca pump, and the SL Ca pump takes place in a characteristic,
species-dependent way (Bassani et al., 1994). The balance of
integrated fluxes in rabbit cardiac myocytes is depicted in
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FIGURE 7 (A) Diagram illustrating the operation of Na-Ca exchange
within the model. The exchanger includes an allosteric Ca-dependent
activation (Hilgemann et al., 1992; Weber et al., 2001). (B) Model exchange
current during an AP (bottom). The data of Weber et al. (2002) are shown for
comparison (fop).

Fig. 8 and the model simulates this data quite well. The data
indicate that the transport of Ca from the SL and bulk
cytosolic compartments is correctly balanced and therefore
imply that the balance during ECC and release at steady state
is also correct. Note that these integrated steady-state Ca
fluxes during a twitch also define the gain of ECC (integrated
Ca released/integrated Ca influx) in rabbit during an action
potential as 3—4, consistent with cellular data.

Thus, the digital cell can be stimulated to release Ca at
normal frequencies to a steady state with characteristics
consistent with the cellular physiology observed in vivo. The
model is stable (the authors have not found a time limit) and
the steady state is dependent strictly upon the parameters of
the relevant physiological processes. For instance, as shown
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in Fig. 9, a sudden step increase in [Calsgt results in an
increased release at the next beat. These transients gradually
decrease in magnitude returning to exactly the steady state
that existed before the step increase. The extra bolus of Ca is,
of course, extruded from the cell. The opposite response
takes place upon a step decrease in [Calsry. Both traces
return to the same natural steady state that is not dependent
upon the model’s history.

This ability to return to steady state is notable. It is a major
reason for the model’s stability and, to an extent, explains
some of its physiological behavior. A change to the en-
vironment in which the digital cell operates initiates
a series of relevant operational adjustments in all compo-
nents of the model. These result in a new steady state that,
within the bounds of the formulation, is physiologically
relevant. In other words, feedback loops that keep the normal
cell from becoming unstable are reflected in the model
(Overend et al., 1998; Eisner et al., 1998; Trafford et al.,
1998).

The physiological utility of the model was tested by
simulating well-known cellular responses. The first of these
was the phenomenon known as rest decay (Fig. 11 A; Bers
et al., 1993). The cell was stimulated to steady state and then
stimulations were suddenly terminated. Upon resting the
cell, the SR lost Ca at a rate comparable with that seen in
normal rabbit myocytes. Moreover the decline in amplitude
of postrest twitch Ca transients also matched rest-decay data
(Fig. 11 B). The larger percent decline in twitch A[Ca]; as
a function of [Ca]srt is a consequence, at least in part, of the
steep lumenal Ca dependence of the RyR gating (Fig. 5).
Note well that because this relationship levels off before it
reaches 0 SR Ca, the SR does not completely drain. Similar
to the resting rabbit ventricular myocyte, the resting digital
cell has Ca available for release.

The model was further tested by applying different
frequencies to simulate the positive force-frequency re-
lationship (Fig. 10 A). Force development depends upon
[Cal; and physiologically the Ca transient amplitude is the
major factor that drives its development. We have, therefore,
characterized the Ca transient magnitude as an indication of
the extent of force developed within the model.

The cell was stimulated to steady state at a low frequency
(0.125 Hz). Upon increasing the rate to 0.5 Hz, the transients
increased in magnitude until a new steady state was reached.
Upon decreasing the frequency, the transients fell back to the
initial steady state. Thus a normal force-frequency relation-
ship is implied and the full relationship agrees well with
experimental data (Fig. 10 B). The inset in the bottom panel
of Fig. 10 B also shows the rise in diastolic Na in the bulk
cytosolic space that takes place as frequency is increased in
the model. This rise in Na results from the increased
integrated Na entry over time as the number of depolariza-
tions per second is increased. The rise in Na tends to limit
Na-Ca exchange activity, thus contributing to the rise in cell-
ular Ca, particularly that within the SR.
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DISCUSSION

This article describes a new model that describes the Ca
dynamics within the cardiac myocyte. The model was de-
signed to be simple yet descriptive enough to simulate
complex physiological responses.

CICR

The goals of the project included the use of CICR to initiate
and control SR Ca release while keeping the model available
for use on a personal desktop computer with reasonable
computational power. This was done by avoiding computa-
tionally expensive formulations that include extensive,
spatially descriptive, local junctional, control and/or Monte
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FIGURE 9 Response to a sudden increase (red) or decrease (blue) in
[Calsrt (bottom). The model reacts by increasing the release from the SR,
thus increasing the peak of the bulk Ca transient (fop) and decreasing the
[Calsr for the next beat until the SR Ca content returns to normal and the
model returns to the previous steady state.

1.0
time (s)

NCX__ 519, for the model experiments (190 ms normal twitch,
Slow 19, 750 caffeine alone, and 7000 for 0 Na/O Ca plus caf-
15 20 feine) were similar to the experimentally obtained

values there.

Carlo simulations of stochastic RyR properties. The model
uses a “‘bulk’ junctional compartment that is a small but
realistic proportion of the total cell volume (<0.1%). The
gating of the SR Ca release channels is graded (Fig. 5) and
dependent entirely upon the [Ca] within this cleft (with
important modulation of that dependence by [Ca]sg). This
makes the entire process of ECC more realistic and enables
more effective investigation of phenomena that affect CICR.

Although the simplified control via CICR is quite good,
the description in this model is still limited. For instance, SR
Ca release as a function of voltage has been shown in the
elegant experiments of Sipido, Balke, and Weir (Sipido and
Wier, 1991; Balke et al., 1994) to have a peak that is slightly
shifted to the left of that of the bulk L-type Ca current. The
model as it is currently formulated does not include this
characteristic. Neither this model, nor any model that lacks
the necessary spacial resolution within the cleft is likely to
describe such a characteristic accurately.

The RyR is modeled with a modification of the scheme
best described by Stern et al. (1999) (Fig. 4). The scheme
works remarkably well as described with few changes in the
parameters they used. The peak open probability of ~1% is
reasonable when data from the literature are considered.
There are 1.5 million RyR per myocyte (Bers and Stiffel,
1993; Bers, 2001). For a single RyR flux of 0.4 pA (Majia-
Alvarez et al.,, 1999) and a peak SR Ca release flux of
2 mM/s, only ~2% of the RyR would be open.

Importantly, however, we have added dependence of
those parameters upon [Ca]sg (Fig. 4). Regulation of SR Ca
release by SR Ca is well documented (Bassani, J. W. M.
et al., 1995a; Janczewski et al., 1995; Eisner et al., 1998;
Lukyanenko et al., 1999; Shannon et al., 2002) and may be
mediated by a lumenal Ca sensor (Gyorke and Gyorke, 1998;
Gyorke et al., 2004).

As formulated, the [Calsg affects the RyR in a classic
Michaelis-type relationship (Eq. 99). Lower [Ca]sg does not
directly inactivate the RyR. Instead, lumenal Ca alters the Ca
binding parameters on the cytosolic side of the membrane
such that both the lumenal and junctional [Ca] act in com-
bination to both initiate and terminate SR Ca release. The
model accounts for the dependence of the ECC process upon
SR Ca load largely because of this modification (Fig. 5).
Notably it explains the failure of CICR when [Calsg is
<40-50% of its normal value (Bassani, J. W. M. et al.,
1995a; Shannon et al., 2000). It also explains experimental
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FIGURE 10 The model exhibits a positive force-frequency relationship in
response to an increase in frequency from 0.125 to 0.5 Hz (A). Panel B shows
summary data from the model (bottom) along with the corresponding rise in
diastolic Na concentration in the bulk cytosol (inset). Data from Maier et al.
(2000) are shown for comparison.

data that have led to conclusions that lumenal Ca depletion
plays a key role in the termination of release, not by
exhausting the Ca gradient per se, but rather by an allosteric
regulatory effect. This extends the list of possible mecha-
nisms for interruption of positive feedback of CICR that
were considered by Stern et al. (1999).

Ca transporters

Four Ca transport systems can compete for Ca during Ca
transient decline: i), SR Ca ATPase; ii), SL Na-Ca exchange;
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iii), SL Ca ATPase; and iv), mitochondrial Ca uptake. The
first three are well described in the model whereas the last
(which is minor) will be added at a future date.

The Na-Ca exchanger undergoes activation upon Ca
binding to an allosteric site located on the exchanger on the
intracellular side of the SL membrane (Hilgemann et al.,
1992; Matsuoka et al., 1995; Trafford et al., 1995; Weber
et al.,, 2001, 2002). This site has been shown to be
physiologically relevant with measurements of the Ky for
Ca varying from 125 to 450 nM (Weber et al., 2001).

The new formulation of the Na-Ca exchanger is based upon
that in Weber et al. (2001, 2002), which matched extensive
data therein. Importantly, the equation accounts for the
deactivation of Na-Ca exchange that takes place during the Ca
transient as [Ca]; (and [Ca]sy) falls to rest and Ca dissociates
from its allosteric activation site. The addition is a double-
edged sword. It allows the Na-Ca exchanger to turn off near
resting [Cal;, preventing the high rate of Ca loss that would
otherwise continue, making diastolic [Ca]; too low, and
depleting the cell of Ca, yet allows for rest decay (Fig. 10;
Bers, 1985; Dani et al., 1979; McCall et al., 1996; Satoh et al.,
1997; Terracciano et al., 1995). However, this allosteric Ca-
dependent activation is also responsible for a higher than
experimentally assessed initial peak in inward Na-Ca
exchange current (Fig. 7 B; Weber et al., 2001) that corre-
sponds to the peak of the Ca transient in the junction and along
the SL. Ongoing investigation into the time dependence of
this activation may yield valuable results that may explain this
apparent dichotomy and allow a more accurate simulation of
the Na-Ca exchange current in the future.

Additionally, unlike some previous formulations (Luo and
Rudy, 1994a), the equation also accounts for the effects of
intracellular [Na], which is often reduced or removed
experimentally to alter the exchange activity. In addition,
[Na]; is known to change within the myocyte during changes
in frequency and under the condition of chronic heart failure
(Despaetal., 2002b), and this surely is a factor contributing to
the force-frequency relationship as shown in the inset of the
bottom panel of Fig. 10 B. Na also rises in the other
compartments to a similar extent. Future studies both in the
model as well as at the bench should provide useful quan-
titative information about the behavior of this important ion.

The SR Ca pump has also been reformulated in a more
realistic way. This ATPase is traditionally represented in
a unidirectional Hill-type relationship (Sipido and Wier,
1991; Luo and Rudy, 1994a,b; Balke et al., 1994; Bassani
et al., 1994). However, it is well known that the pump is
areversible enzyme being capable of mediating both forward
and reverse unidirectional fluxes, although the net rate never
reverses physiologically (Weber et al., 1966; Makinose,
1971; Takenaka et al., 1982; Feher, 1984; Shannon et al.,
2000b, 2001). The extent that the reverse flux takes place to
slow uptake under physiological conditions is debatable but
by using a formulation that allows for this reversal flux, we
have allowed for these potential effects. This representation
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will also allow for realistic extension of the model into
energetics and ATP consumption because net ATP hydrolysis
is reduced, when compared to a simpler pump-leak balance.

Critical to the process of SR Ca uptake was the necessity
of formulating a correct balance between the SR Ca pump
and the leak of Ca from the organelle. The proper quantity of
leak was formulated through the combination of RyR flux
plus a passive leak for Ca from the SR into the junctional
space. The background leak of Ca from the SR of 3 uM/s at
normal [Ca]sgr increased the diastolic value of [Calie and
thus sustained an increase in the diastolic RyR activity that
added an additional 1 uM/s of leak to total 4 uM/s SR Ca
leak. This value is within the normal range (Fig. 4 B; inset,
Gyorke et al., 1997; Shannon et al., 2001, 2003b). This leak
was important in contributing to both the positive force-
frequency relationship and rest decay.

Perhaps the most important aspect of the Ca transport is
the balance of fluxes (Fig. 8). Bassani et al. (1992) initially
described the competition between the relevant transporters
for Ca during transient decline. The effectiveness of each of
these transporters in this competition varies with species but
the human is most like the rabbit, which is described here
(Bassani et al., 1993b, 1994; Bassani, R. A. et al., 1995;
Negretti et al., 1993; Bers, 2001; Piacentino et al., 2003).

The model is formulated to maintain this balance of fluxes.
Of the four relevant transporters only the mitochondrial
uptake, a relatively minor flux, is missing. This SL Ca pump
transport in the model represents the ‘‘slow’’ transport
component typically observed in physiological experiments
(Bassani et al., 1993a). The mitochondrial part of this
component, ~1% of the total Ca efflux from the cytosol
during the transient, is distributed among the three existing
model fluxes.

The characterization of the fluxes and maintenance of this
balance is absolutely critical to the predictive value of the
model. Forinstance, at steady state the amount of Ca thatenters

240 300

Rest Interval (s}

the cell is equal to the amount which leaves. Carried further,
this means that the amount of Ca taken up into the SR is equal to
the amount of release whereas the amount of Ca transported
out of the cell on the SL Ca pump and the Na-Ca exchanger is
equal to the amount of influx primarily through the L-type Ca
channel (plus a minor contribution from outward Na-Ca
exchange current). The balance of fluxes indicates the ‘‘gain’’
of ECC as defined by the integrated release divided by the
integrated current (i.e., the stimulus of the CICR).

In addition, to extend the simulations into situations where
transport of one type is altered, one must predict the extent to
which other transporters will compensate. For instance, the
balance between these fluxes also varies with pathological
conditions such as heart failure (Pogwizd et al., 1999, 2001;
O’Rourke et al.,, 1999; Shannon et al., 2003b), which
involves an increase in Na-Ca exchange activity, a decrease
in SR Ca pump activity, and an increase in SR Ca leak,
depending upon the failure model. The extent to which either
or all of these alters [Calsgt depends upon the extent to
which the alteration of each affects transport relative to the
other and the competition among the transporters must be
correct to predict the overall effects (Shannon et al., 2003b).

The subsarcolemmal Ca compartment

Important for the development of both this aspect of the
model as well as the currents across the sarcolemmal mem-
brane was the addition of a subsarcolemmal compartment.
During the twitch Ca transient there are spatial gradients
near the SL membrane. These gradients are likely due to
diffusion restrictions that are caused by the mitochondria
and the paracrystaline array in the bulk cytosol. Ca-dependent
proteins that are located in or near the membrane are therefore
likely responding to a [Ca] that is very different from that
which is measured in the bulk cytosolic compartment. The
presence of the SL compartment is also suggested by the
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TABLE 1 Abbreviations used in the text
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TABLE 1 (Continued)

Abbreviation Definition Abbreviation Definition
Axci_ca Distance from the geometric center of compartment C1 Kot K., SR Ca pump forward mode
to the center of compartment C2 Kor K SR Ca pump reverse mode
ay and By Opening and closing rate constant of gate y, respectively kon On rate for binding
n Position of the energy barrier controlling voltage kofr Off rate for binding
dependence of the Na-Ca exchanger ks SR Ca release rate constant
Vi Activity coefficient of ion i Ksat Saturation factor of the Na-Ca exchanger at very
(o [Na],-dependence factor for fy.x negative potentials
Ty Time constant of gate y m, h, and j Activation gate, fast inactivation gate, and slow
Aci_c2 Surface area for diffusion from compartment C1 to inactivation gate, respectively, of Iy,
compartment C2 Maxsg, Mingg, Parameters for [Ca]sg-dependent activation of SR
AP Action potential ECso.sr, Hsr Ca release
Binax Maximal binding capacity Piin Permeability of channel to ion i/ relative to ion i2
Binax_sr Biax for Ca binding within the SR Q10 Temperature adjustment factor
CICR Ca-induced Ca release R Gas constant, 1.987 calories/mol/K
[Calsr Free SR Ca R, X, Y. Gates of channel ¢
[CalskT Total SR Ca RyR Ryanodine receptor
Dcica Coefficient for diffusion from compartment C1 to SL Sarcolemma
compartment C2 SR Sarcoplasmic reticulum
dand f Voltage-dependent activation and inactivation gates T Absolute temperature, K
of Ic, \% Membrane voltage
E; Nernst potential for ion i, mV Vimax Vmax SR Ca pump
ECC Excitation-contraction coupling Z; Valence of ion i
F Faraday constant, 96,000 Coulomb/mol
f ca Ca—d§pendem inactivation gate of IC*? Lo published values for the Ca affinity of membrane-associated
Jca Fraction of Ca-bound Ca-dependent inactivation sites )
of Ic Ca-dependent proteins such as the Na-Ca exchanger and the
a
frak Voltage-dependence parameter of I,k Ca-dependent Cl channel. These are generally lower than
Fx; Fraction of total flux j in the compartment of interest would be expected if these proteins were dependent upon the
G Maximal conductance of flux 7 bulk cytosolic Ca, and the SL compartment is needed to
" Hill coefficient SR Ca pump appropriately incorporate these proteins into the model
Hya Hill coefficient of Na-Ca exchanger for Na pprop . Y P . p . .
Iea L-type Ca current Indeed, it was by measunpg Na-Ca exchar.lge activity and
Ina Fast Na current Icicay that the difference in the concentration near the SL
Incx Na-Ca exchange current membrane was inferred by Trafford et al. (1995) and
5 Nak EIEIE pump current estimated by Weber et al. (2002) (Fig. 3). We have
t . .
SLCaP - pump curren simulated the effects of the higher [Ca] near the SL
1. Maximum current through channel ¢ . K
lil; Free cytosolic concentration of jon i membrane by creating a new compartme':nt that is separate
[iliee Free junctional cleft concentration of i from that of the bulk cytosol. It is perhaps worth
[ilicer Total junctional cleft concentration of ion i emphasizing that the authors are not actually proposing the
lilo Free concentration olfc ion 7 in el)itracilular 1compa;tmem existence of a new anatomical compartment within the cell.
[ilst Friig;;f;:ﬁ;wn of fon 1in the subsarcolemma Rather, this change in the model reflects the existence of
lilsr Total concentration of i in the subsarcolemmal a functional compartment whgre a different Ca Proﬁle exists.
compartment Although the depth of this compartment is somewhat
[ilr Total cytosolic concentration of ion i arbitrary, it was chosen to allow for a physiologically relevant
1P; ; 0“1;’12 ‘éf Ica that ﬂ‘s carried by ion diffusion coefficient for Ca between the SL compartment and
Tump o & pump ux the bulk (Table 2). The model accurately reflects the Ca
JoumpF SR Ca pump forward flux - . .
Joump SR Ca pump reverse flux changes within thl'S SL compartment and 'therefor.e 1S an
Jieak SR Ca passive leak flux advance over previous ventricular models in that it better
JsRcarel SR Ca release flux accounts for the activity not only of the Na-Ca exchanger
fﬂ Ca‘dependemdNa‘ia ;XCh‘{‘“g"j ac“"atf‘g’{ coefficient but of all Ca-dependent SL proteins. These include the SL
CaSR [Calsr-dependent RyR activation coefficient Ca pump, the Ca-dependent CI current, and the L-type Ca
Ky Affinity constant of ligand for ion of interest L. Rk X
Kosr K, for Ca binding within the SR channels within th.IS compartme.zr?t (Whlch undergo Ca-
Kims Koms Rate transition constants for the RyR (Fig. 4) dependent inactivation). The addition of this compartment
Kosrcar kisrca with a [Ca] that is generally higher than the bulk may be
Kica> koca Ba;elmlf’ ;OIESR‘dePendem transition rate constants important for accurate simulation of such phenomena as
t . . .
ore sy delayed after depolarizations, which are often related to Na-
Kieak SR leak rate constant R R . ..
Ko K., of Na-Ca exchanger for ion i Ca exchange-mediated diastolic membrane depolarization

(continued)
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Steady-state behavior

The model described here comes to steady state. This simply
means that it continues to operate with repetitive stimulation
in a realistic manner such that the cell does not gain or lose
Ca over time unless the cellular environment changes.
Moreover, the characteristics of the model at steady state are
consistent with the normal cellular physiology (e.g., the
balance of fluxes and the gain are correct). The model is,
therefore, appropriate for use in situations where continued
operation for long periods is necessary. This ability is
necessary to accurately simulate physiological and patho-
physiological reactions, both in the laboratory where many
experiments are conditioned with a number of stimulations,
and as part of the larger, more integrated context of the whole
tissue or organism (Usyk and McCulloch, 2003).

Importantly, the steady state that is achieved is in-
dependent of the history of the digital cell. After perturbation
of cellular ionic concentrations, the model always returns to
the same steady state that is dependent strictly upon the state
of the individual components of the ECC process and upon
the extracellular environment (Fig. 9). Such behavior allows
simulation of physiological responses that are certain to
depend strictly upon the experimental perturbation with no
unrelated artifacts.

The model accurately reproduces several well-known
physiological responses that are made possible by this
steady-state behavior. In particular, it reproduces the normal
increase in Ca transient peak in response to an increase in
frequency (Fig. 10).

In conclusion, we have formulated a realistic mathematical
model of Ca homeostasis within the cardiac myocyte. This
model uses recent advances in the study of cardiac ECC to
improve over previously proposed models. It should be useful
for simulating a variety of cellular responses that are demon-
strable in the laboratory and will allow more in-depth inves-
tigation into the mechanisms behind these responses,
particularly when actual experimental data are difficult to obtain.

APPENDIX
Environment

All tabulated parameters are for temperature (7) = 310 K (37°C).

Temperature

All parameters and fluxes (/) that were made temperature sensitive within
the model were multiplied by a proportionality constant (Qy) such that:

0s = (Quo) """, 8)

where the Qo is a constant that represents the change in the relevant
parameter for each 10°C change in temperature.

Diffusion

Diffusion is considered to take place, on average, from the center of each
compartment to the center of its adjacent compartment. The junctional
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compartment communicates only with the SL compartment, the SL
compartment with the junction and the bulk cytosolic compartments, and
the bulk cytosolic compartment only with the SL.

For ion [ diffusion over a distance x through area A from the center of
compartment C1 to the center of compartment C2 (Table 2):

I, — 1[I
Jici-cr) = Dl(cpcz)Aw. C)
cl-c2

Nernst potential

For each compartment C, the Nerst potential E¢ is calculated as:

%gm%t (10)
&:%m%i (1)
%:gmgt (12)
%:%M%i (13)

Voltage

Change in voltage was considered to be the result of the sum of all currents
across the membrane and no regional variations in voltage were considered.

Na buffering

Significant, rapid Na buffering was only considered to be associated with
cell membrane and therefore was only present in the SL and junctional
compartments. The change in Na binding to ligand L over time (d[Na-L]/dt)
for each compartment was calculated as (Table 3):

[Na - L]

d*———= = kon[Na](Buax —

dr [Na - L)) — ko[Na - L]~ (14)

TABLE 2 Environmental parameters

Parameter Value Units
Cell length 100 pmm
Cell radius 10.25 pmm
Junction radius 160 nm
Junction depth 15 nm
SL depth 45 nm
AjunctionSL. 3.01 X 10°° cm’
ASL cytosol 130 x 107* em?
DCa(juncliuntoSL) 1.64 X 10_6 szs_l
Dca(sL-cytosoly 122 X 107® cm?s !
DNa(junc&ion-SL} 1.09 X 1075 szsil
DNa(SL—cyloso]) 1.79 X 1075 szsil
A-x_iunction-SL 05 mm
AXSL—cylosol 0.45 pm
[Cl); 15 mM
[Cil, 150 mM
K], 5.4 mM
[K]; 135 mM
[Na], 145 mM
[Cal, 1.8 mM
[Mg]; 1 mM
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TABLE 3 Na buffering parameters

TABLE 4 Na transport parameters

Shannon et al.

Parameter Value Units* Parameter Value Units
Kon 0.1 mM s~ Gna 16 mS/uF
Ko 1 5! Fxna junction 0.11
Ky 10 mM Fxna SL 0.89
Bhax junction 3.7 mM Grupi 0.297 X 1073 mS/uF
Binax SL 1.65 mM Fxnapk junction 0.11
Bihax cytosol 0 mM Fxnae SL 0.89
*All units are mmol/l cytosol. Concentrations in the actual compartments QIO'N“K 163

: . I nak 1.91 A/F
can be calculated assuming 11% of membrane-bound components are in the
S . K nNai 11.0 mM
junctional cleft and 89% are in the SL compartment.
Q10-KmNai 1.49
KmKo 1.5 mM
HNaK 4
Na currents Fxnak junction 0.11
FXNaK SL 0.89
Na channels and the Na-K pump were all considered to be evenly distributed
throughout the cell membrane. The equations are as in Luo and Rudy
(1994a, Table 4). The Nernst potential (Ey,) was therefore considered to be
the result of the difference between the extracellular compartment and the . — 0'32(V +47.13 ) (23)
interior cell compartment under the region of the cell membrane where the m 1— exp(—O, 1 (V + 47,13))
channels are present. For instance, junctional Na channels (11% of the total)
were dependent upon extracellular [Na] and junctional [Na]. v
Fast Na current
a
If V= 40 mV: By = ——— (25)
apL + Bh
a, =0 (15) .
Ty = ——— 26
o = (16) " + B (20)
1 dh  h.—h
By = a7 == 27)
V +10.66
S = a;/(a; + ;) (28)
g _ 03exp(-2:535 10V as)
57 1+ exp(—0.1(V + 32)) _— ! 29)
If V< —40 mV di -
g _J-J (30)
80+V dt 7
oy, = 0.135 exp 19)
—6.8 L Oy 31)
an + B,
(—1.2714 X 10° exp(0.2444V) — 3.474 X 10> exp(—0.04391V))(V + 37.78) 0)
o =
! 1 +exp(0.311(V +79.23))
1
T = (32)
B, = 3.56exp(0.079V) + 3.1 X 10’ exp(0.35V)  (21) an + B
dm m. —m
— = (33)

~ 0.1212[exp(—0.01052V)]
T 1+ exp(—0.1378(V + 40.14))

(22)
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h=he (34
J =] (35)
m= M, (36)
Ing = Fxx,Gua*hj(V — Ex,) 37
Na leak current
Inagx = FxNaBkGNaBk(V - ENa) (38)
Na-K pump
- ([Na]o>
67.3
=7 39
o 7 (39)
1
fNaK =
VF —VF
1+0.124 —-0.1— | +0. —
0 Sexp< 0 RT) 0 0365a'exp( RT >
(40)
Fxnax Onak I_NaKfNaK [K]o 41)

Ik =
YT 4 (OkaK i/ [Na], i (K] + Koo

K currents

All K channels were considered to be evenly distributed in the cell

3365

1
1+ exp (

1

T ( 0.00138(V + 7)[(1 — exp(—0.123(V + 7))) )
+0.00061(V + 10)/(exp(0.145(V + 10)) — 1)

Xiw =

(43)

(44)
R, = ! 45)

T 1+ ex V+33 (

P\ 224
dX,
dt = (er - Xr)/TXr (46)
If time = 0:
X =X @7
IKr = GIKrXrRr(V - EK) (48)
IKs

Ixs was evenly distributed throughout the cell membrane and current was
dependent upon the [Na] under the membrane compartment in which the
channels are located. For instance, Ik channels located within the junctional
compartment were dependent upon junctional [Na].

pCai = —log([Cal, + 3) (49)
B} 0.19
G =0.07 (0'05”(1 Foxp(—72+ (pCai/O.6)))) 0

membrane, and potassium was homogeneous both inside and outside of the (51)
cell. Therefore K channels were not compartmentalized and the K currents
that were independent of Na and Ca were considered to be the same in all For the compartment, C, in which the channels are located:
regions of the membrane. All parameters are defined in Table 5. RT [ K]O + P [Na]n
Eg,=—In{+ >————° (52)
Iie F\[K]; + Py [Na]
- KL\ X.. = : (53)
G = 0.03( ¢ 42) e V-15
. xp| —
P\" 167
1 (54)
T S = — —.
X 7.19 X 10°(V + 30) 1.31 X 107*(V + 30)
1 —exp(—0.148(V + 30)) (=1 +exp(0.0687(V + 30)))
TABLE 5 K current parameters dx, = M (55)
. dt TXs
Parameter Value Units
Gios 0.02 mS/uF If time = 0:
Gt 0.06 mS/uF
Prak 0.01833 X, =X (56)
Fxys junction 0.11 B
Fag, SL 0.89 Iy, = Fx, G X (V — Ex,) (57)
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Ilo.s

Xosw = 1.0/(1.0+ exp(—(V +3.0)/15.0))  (58)
Yiosw = 1.0/(1.0 + exp((V +33.5)/10.0))  (59)
Ry = 1.0/(1.0 + exp((V +33.5)/10.0))  (60)

Txos = 9.0/(1.0 + exp((V +3.0)/15.0)) + 0.5 (61)

Tys = 3000.0/(1.0 + exp((V + 60.0)/10.0)) + 30.0
(62)

Ito,s = Gto.sXm,s(Yto‘s + OSRG—M)(V - EK) (63)
Ito,f
X = 1.0/(1.0 + exp(—(V + 3.0)/15.0)) 64)

Yor = 1.0/(1.0 + exp((V +33.5)/10.0))  (65)

Txor = 3.5[exp(—1.0(V/30.0)(V/30.0))] + 1.5  (66)

Shannon et al.

TABLE 6 Ca-dependent Cl current parameters

Parameter Value Units
Gol 0.109625 mS/uF
G cink 0.009 mS/uF
Kacica 100 M
Fxcy junction 0.11
Fxc SL 0.89

GCI(V - ECI)
Iy = Fxq T K (74
dCICa
1+
[Cal.
lcibk

Icipk (background SL Cl flux Table 6) was considered to be evenly
distributed throughout the cell membrane.

Tow = G_Clbk(v - ECI) (75)

Ca buffering

Ca buffering parameters are as defined in Table 7.

_ Ca-L
Tyios = 20.0/(1.0 + exp((V +33.5)/10.0)) +20.0 (67) il ‘;t I kon[Cat) (B — [Ca - L]) — kog[Ca - L] (76)
Ito‘f = Glo,f(Xto.f)Yto‘f(V - EK) (68)
Ca currents
/
“ L-type Ca current
_ [K ] 03 L-type Ca channels were concentrated within the junctional membrane such
G =09 (54?) (69) that 90% of the total number are located there. The formulation is based in
' the Goldman-Hodgkin-Katz equation and the channel was considered to be
1.02 permeant to Ca, Na, and K. Total L-type current was the sum of the Ca, Na,
ag; = (70) and K currents. For compartment C (Table 8):
1 +exp(0.2385(V — Ex — 59.215))
Jao=1— few (a7
~0.49124.exp(0.08032(V — Ex + 5.476)) + exp(0.06175(V — Ex — 594.31)) an
K 1+ exp(—0.5143(V — Ex +4.753))
ax
Kly =——— 72 dfca
ax + B 72) fow _ 1.7[Cal (1 — few) — 11.9 feu (78)
dt
I = KL (V — Ex) (73) d. =1/(1+exp(—(V + 14.5)/6.0)) (79)
—(V+145
Lo <(60))
=d. ' 80
. T 0.035(V + 14.5) (80)
Ci(Ca)
Icicay Was considered to be evenly distributed throughout the cell membrane 1 0.6
and was dependent upon the [Ca] in the compartment just under the portion fo = (V T35 06) + ( 50 — V) 1)
of the membrane in which the channels were located. For each compartment, 1+ exp <> 1+ exp ()
C (Table 6): 3.6 20
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TABLE 7 Parameters for Ca buffers

Buffer Compartment Biax (umol/l cytosol*) Ky (uM) ko 571 kon (uM™'s™h)
Troponin C Cytosol 70 0.6 19.6 32.7
Troponin C Ca-Mg (Ca) Cytosol 140 0.0135 0.032 2.37
Troponin C Ca-Mg (Mg) Cytosol 140 1111 3.33 0.003
Calmodulin Cytosol 24 7 238 34
Myosin (Ca) Cytosol 140 0.0333 0.46 13.8
Myosin (Mg) Cytosol 140 3.64 0.057 0.0157
SR Cytosol 19 0.6 60 100
SL SL 37.4 13 1300 100
SL Junction 4.6 13 1300 100
SLHigh SL 13.4 0.3 30 100
SLHigh Junction 1.65 0.3 30 100
Indo-1 Cytosol 25 0.6 60 100
Indo-1 SL 0.77 0.6 60 100
Indo-1 Junction 0.02 0.6 60 100
Fluo-3 Cytosol 25 1.1 110 100
Fluo-3 SL 0.77 1.1 110 100
Fluo-3 Junction 0.02 1.1 110 100
Calsequestrin SR 140 650 65,000 100

*Concentrations in the actual compartments can be calculated assuming 11% of membrane-bound components are in the junctional cleft and 89% are in the

SL compartment.

1
_ 2
T (0.0197[exp(—(0.0337(V + 145)7)]) + 002 2

dw
Qg =— (83)
T4q
1—-d.,
Ba= (84)
Td
L (85)
Tt
1—f.
B = (86)
Tt
dd d.,—d
— = (87)
dt Tq
TABLE 8 Ca current parameters
Parameter Value Units
FxcaL junction 0.9
Fxcar, SL fraction 0.1
Pcq 5.4 x 107 cm/s
YcCai 0.341
YCao 0.341
Pna 15x 108 cm/s
YNai 0.75
YNao 0.75
Py 2.7 X 1077 cm/s
YKo 0.75
Qio-caL 1.8
G caBk 0.0002513 mS/uF
FXcapk junction 0.11
Fxcapi SL fraction 0.89

af f-—f
=l 88
dt T ’ ( )
if time = O then:
d=d, (89)
f=r (90)
where S is Ca, Na, or K for the relevant compartment:
z,VF
- J2RE [S]s.exp (RT) — YsolS],
Is = Psz'V — 91)
" RT ex ZsVF -
PURT
IPs = d(f )fcaQcals 92)
Ica = FXCaL(IPCa + 1Py, + IPK) 93)

SL Ca leak

Icqapk (background SL Ca flux) was distributed evenly throughout the cell
membrane. For each compartment (Table 8):

Tcupk = FxCaBkGCaBk(V - ECa) (94)

SL Ca transport

All SL transport proteins were considered to be evenly distributed across
the membrane with 11% in the junctional cleft and 89% in the SL compart-
ment.

Na-Ca exchange

The Na-Ca exchange equation is essentially as in Weber et al. (2001). The
equation assumes a ping-pong bi-bi mechanism and accounts for the Na
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and Ca concentrations on both sides of the membrane (Segal, 1993). The
terms that describe the voltage dependence are essentially as described

Shannon et al.

TABLE 10 SL Ca pump parameters

in Luo and Rudy (1994a). The temperature dependence (i.e., the Qo) Parameter Value Units
is as described in Puglisi et al. (1999). For each compartment C Fxs1 cap junction 0.11
(Table 9): Fxspcap SL 0.89
1 Vimax 2.2 pmol/l cytosol/s
K 0.5 M
K, = AR CRI N . H
1+ = Q1o.sLcap 2.35
[Ca.
) Hna (n—1VF Hna
1o KoV (exp() INa]c ™ [Cal, — exp(" ™) [Nal,* [Calc) 96)
NCX = Hna [Nalc \Hna
KocalNalg™ (14 (g49)™) +
H a Ca
mgdo [Ca] ( [ ) + KmCﬁO [Na] (1 + ksalexp(( - 1);1;))
H a H a
+ [Na|™[Ca ]0 [Nal,™[Ca]
The channel is located only in the junctional cleft that accounts for 10% of
SL Ca pump the total SR membrane.
For each artment C (Table 10): Maxsg — Min
or each compartment C (Table 10) kCaSR :MaxSR . szc SlI{{ (99)
Fxsreap OsicapVimax 1+ [ =205k
Licw=—"" "7 on [Ca]SR SR

tr <[§a] >

The temperature dependence (i.e., the Q) is as described in Puglisi et al.
(1999).

SR Ca fluxes
SR Ca pump

The SR Ca pump is found only in the cytosolic (i.e., nonjunctional) portion
of the membrane that accounts for 90% of the total. The Q is as described
by Puglisi et al. (1999). The equation itself accounts for [Ca] on both sides of
the SR membrane and is essentially as described in Segal (1976) and applied
in Shannon et al. (2000a, Table 11).

‘/max (M) H_Vmax (%> '
Kmf K, mr ) (9 8 )

() (5

The SR Ca release channel was model essentially as described in Stern et al.
(1999) with an added lumenal [Ca]sg dependence (see Methods, Table 12).

Jsrcap = QlO—SRCaP

SR Ca release

TABLE 9 Na-Ca exchange parameters

Parameter Value Units
Vimax 9.0 A/F
KmCai 3.59 lLM
Kicao 1.3 mM
KiNai 12.29 mM
KiNao 87.5 mM
Ksat 0.27

n 0.35

Kd-Act 0.256 lLM
Hya 3

O1o-Ncx 1.57

where kosrca and kisrca are not diffusion limited:

kO a
koshca = k—c (100)
CaSR
kisrca = Kicakcasr (101)
dR
o = UmRI—Kisrea[CaliR) = (Kosca [Cal; R—komO) (102)
do
o = (Kesrea [Cals R—komO) — (Kispca[Cal O —kinl) (103)
dl ,
5 = (isncalCaly 0 = ki) = (kowd — kasnea Cali, RI) (104)
dRI
df (koml kOSRCd [Ca]Jcl ) (kileikiSRCa [Ca]JmR) (105)
Jsrcaret = kO([Calge — [Caly,,) (106)

The resulting flux is in mmol/l SR/ms.

Passive SR Ca leak

Passive leak was modeled as a gradient-dependent Ca specific channel in the
SR membrane (Table 12). It was located only in the junctional cleft and its
conductance was adjusted such that the total leak (RyR-dependent and
passive) equaled approximately that of Shannon et al. (2002) at 0.5-Hz
pacing.

TABLE 11 SR Ca pump parameters

Parameter Value Units
Vinax 286 umol/l cytosol/s
Kons 0.246 uM

Kor 1.7 mM

H 1.787

Q10-srcaP 2.6
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TABLE 12 Parameters for SR Ca release

Parameter Value Units

ks 25 ms™!

koca 10 mM *ms ™!
kom 0.06 ms !

kica 0.5 mM'ms™!
kim 0.005 ms™!
ECS()_SR 0.45 mM

Maxsg 15

MinSR 1

Hsgr 2.5

KsRicak 5.348 X 107° ms™!

JSRLcak = KSRlcak ( [Ca] SR [Ca]jct) (107)
The resulting flux is in wmol/l cytosol/s. This flux plus the diastolic release is
the total diastolic leak rate.

This work was supported by a Scientist Development Grant, the American
Heart Association, the National Institutes of Health (grant HL64098), and
the National Space Biomedical Research Institute.
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